completely prevented by 10 micromolar GTP or guanosine 5'-O-(2-thiodiphosphate) (added in 3 x 104-fold excess), whereas ATP or CTP had no effect on the binding. The 28 kilodalton GTPbinding protein was recognized by polyclonal antibodies to the ras-related YPT1 protein of yeast but not by the anti-ras Y13-259 monoclonal antibody. GTP-binding proteins present in the microsomal fraction could not be solubilized by incubation of microsomes with I molar NaCI or 0.2 molar Na2CO3, but some GTPbinding activity was solubilized when microsomes were treated with 6 molar urea. These results indicate that D. salina GTPbinding proteins are tightiy associated with the membranes. The covalent attachment of fatty acids to these proteins was also investigated. Eectrophoresis followed by fluorography of delipidated microsomal proteins extracted from [3HJmyristic acid-labeled cells showed an intense labeling of a 28 kilodalton protein.
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We conclude that D. salina contains proteins resembling the rasrelated proteins found in animal cells and higher plants.
Membrane association of ras proteins, promoted by posttranslational isoprenylation and subsequent palmitoylation, increases the biological activity of these proteins (14) . The remarkably high rate of turnover of the palmitate moiety found in p2 NI suggests an active cycle of acylation-deacylation that may be involved in its proposed function as a signal transducing protein (20) .
In contrast with the voluminous literature on animal GTPbinding proteins, there have been few reports oflow molecular mass GTP-binding proteins in plants. In zucchini hypocotyl microsomes, four GTP-binding proteins with molecular masses in the 23 to 28 kD range were identified on the basis of their capacity to bind [32P]GTP on nitrocellulose blots (7) , and blots ofsoybean hypocotyl microsomes and plasma membrane were found to contain [35S] GTPyS-binding proteins with apparent molecular masses of 24 and 28 kD (30) . Arabidopsis thaliana contains a gene believed to code for a 24 kD GTP-binding protein (21) .
We report here the presence and subcellular localization of low molecular mass GTP-binding proteins in the halotolerant green alga Dunaliella salina. Data are also presented regarding the probable fatty-acylation of a D. salina GTP-binding protein. In this alga, several components of a PIP22-mediated transmembrane signaling pathway have recently been identified in our laboratory (8, 9) , and we suspect that the low molecular mass GTP-binding proteins may participate in a complementary metabolic control system.
The regulation of animal cell metabolism is known to involve a variety of proteins that hydrolyze or bind GTP. Among these are the much-studied trimeric GTP-binding proteins that participate in signal transduction across the plasma membrane (18) . Also widely distributed, although less well known with respect to function, is a group of low molecular mass (20-30 kD) proteins that includes several intensively studied ras protooncogene products (4) . Evidence has been reported suggesting their participation in a number of cellular functions, including secretory processes and signal transduction (12, 16 
MATERIALS AND METHODS

Growth of Dunaliella salina
Cells ofDunaliella salina (UTEX 1644) were grown at 28°C under white light in 500 mL of a sterile synthetic medium as previously reported (17) . Sodium chloride was added to the medium to yield a final salt concentration of 1.7 M. Cell density was measured using a Coulter Counter model ZB, and cultures were used when the cell density reached 106 cells/mL. broken cells was centrifuged at 2639g for 3.5 min to pellet chloroplasts and cellular debris. The supernatant over the chloroplast pellet was centrifuged at 20,000g for 15 min to sediment the mitochondrial fraction. The supernatant from the above centrifugation was added to a dextran-PEG aqueous two-phase system to partition the plasma membrane away from the remaining organelles (24) . After partitioning cellular membranes by centrifugation at 660g for 10 min, PEG-and dextran-rich fractions were centrifuged at 150,000g for 1 h, and the resulting pellets were washed free ofresidual polymers by resuspension in 11 mL of 100 mm Tris-HCl, pH 8.6, and 2 mm PMSF, followed by recentrifugation as above.
In other experiments, microsomal membranes and the cytosolic fraction were obtained after centrifuging the supernatant over the mitochondrial pellet at 150,000g for (27) .
SDS-PAGE and Blotting of Proteins
Aliquots of cytosol and different cellular membranes containing 100 ,ug of protein were subjected to SDS-PAGE in a 7.5 to 15% gradient gel using the buffer system of Laemmli (15) . Samples 
Extraction of Proteins Loosely Bound to Membranes
The microsomal pellet obtained from S x 108 cells was resuspended in 350 ,L of 100 mM Tris HCl, pH 8.6, containing 4 mm PMSF and 10 mm benzamidine or, in the case of Na2CO3 extraction, in 350 ,uL of 4 mM PMSF and 10 mM benzamidine. Then 350 ,uL of 12 M urea, 2 M NaCl, or 0.4 M Na2CO3 were added to each tube, and the samples were kept on ice for 30 min with intermittent shaking. Nonextractable material was pelleted by centrifugation at 150,000g for 60 min at 4°C. The supernatant was removed by aspiration, and one volume of 20% TCA was added to it. After keeping the preparation at -20°C for 1 h, the proteins were sedimented at 15,000g for 15 min at 4°C.
Both solubilized and insoluble microsomal protein preparations were suspended in SDS-PAGE sample buffer and boiled as described above. Electrophoresis was carried out in a 7.5 to 15% acrylamide gradient gel as indicated above. The gels were blotted onto PVDF membranes and assayed for GTP-binding as outlined above.
In Vivo Labeling and Electrophoretic Analysis of Microsomal Fatty-Acylated Proteins
Cultures containing a total of approximately 2 x 109 cells were subjected to centrifugation for 7.5 min, and pelleted cells were resuspended in 500 mL of fresh medium. After 30 min of incubation, cells were labeled by adding 0.5 mCi of [9,10-3H]myristic acid (specific activity 39.3 Ci/mmol, DuPont-New England Nuclear) in 50 uL ethanol. D. salina cultures were incubated in the presence of the radioisotope for 4 h, and then the cells were harvested and fractionated as indicated above.
The presence of fatty-acylated proteins was sought in microsomal membranes. Proteins from microsomal pellets were extracted and delipidated as described by Stephenson et al. (28) . The delipidated protein samples were solubilized in electrophoresis sample buffer, and aliquots containing 100 Mug of protein were subjected to SDS-PAGE under the conditions described above. After electrophoresis, gels were prepared for fluorography using Resolution (EM Corp., Chesnut Hill, MA) and were exposed to hypersensitized Kodak X-Omat x-ray film for up to 14 d at -70°C. (Fig. 1B) (Fig. IC) .
Autoradiograms of these blots showed the presence of contaminating radioactivity randomly bound to the nitrocellulose, but the background spots were usually small and only rarely prevented the detection of radioactivity specifically associated with proteins. Under (Fig. 2) .
When equivalent amounts of proteins were applied to the gels, the microsomal membranes showed a more intense labeling than did the other cellular fractions (Fig. 1) prevented the binding of the radioisotope (Fig. 2) . The same results were observed in autoradiograms of mitochondrial and microsomal fractions (data not shown).
Immunological Comparisons
The similarity between the D. salina low molecular mass GTP-binding proteins and ras proteins identified in yeast and animal cells was investigated in microsomal membranes by immunoprecipitation and immunoblotting techniques using the monoclonal antibody Y13-259. Under our experimental conditions, no D. salina protein with molecular mass in the range of the GTP-binding proteins was recognized by the antibody to ras proteins (although a large band representing the higher molecular mass free antibody showed some nonspecific binding). Blots of rat brain proteins did give several positive bands in the 20 to 30 kD range.
Immunoblotting was also carried out using an affinitypurified polyclonal antibody directed against the YPT1 protein of yeast (26) . That 23 kD GTP-binding protein is associated with yeast Golgi membranes and appears to be involved in secretion. Binding to the 28 kD protein was clearly detected (Fig. 3) .
Extractability of the GTP-Binding Proteins from Membranes
Low molecular mass GTP-binding proteins are typically very tightly associated with membranes (25) . To investigate this property of the D. salina GTP-binding proteins, microsomal membranes were extracted with 6 M urea, 1 M NaCl, or 0.2 M Na2CO3. These treatments solubilized 65, 18, and 26%, respectively, of the total proteins. [32P]GTP-binding to blots of electrophoretic gels on which proteins of the solubilized and the residual material had been resolved (Fig. 4) showed that substantial amounts of GTP-binding proteins were extracted from the microsomes by 6 M urea. However, no trace of GTP-binding proteins was detected in the 1 M NaCl or 0.2 M Na2CO3 extracts. A companion gel revealed, after silver staining, that the extracting solutions did, as expected, remove certain proteins more effectively than others (data not shown). Only in the case of urea extraction were the protein banding patterns ofthe soluble and insoluble fractions relatively similar.
Fatty Acylation of the GTP-Binding Proteins
Earlier studies of fatty-acylated D. salina proteins in our laboratory produced indications of a fatty-acylated protein in the 20 to 30 kD range (28) . These data and the finding of a number of fatty-acylated low molecular mass GTP-binding proteins in animal cells suggest the possible fatty acylation of D. salina small GTP-binding proteins. This possibility was investigated by incubating growing cultures of D. salina with [3H]myristic acid, which is effectively taken up and elongated to C16 and C18 fatty acids (5) .
The delipidated microsomal proteins extracted from labeled cells were separated by electrophoresis. Fluorography of the electrophoretic gels consistently revealed an intense labeling in a 28 kD protein (Fig. 5) . The electrophoretic mobility of this fatty-acylated protein is the same as found for the major microsomal GTP-binding protein. Several additional polypeptide bands were also labeled, in keeping with the observations in animal cells that many proteins of diverse function are modified by fatty acylation (14) . 
DISCUSSION
We have identified three low molecular mass GTP-binding proteins in D. salina. The proteins showed some specificity in their subcellular distribution. Thus, the 29 kD protein could be detected only in the plasma membrane, and the 28 and 30 kD proteins were present in plasma membrane, mitochondria, and microsomes. Membrane localization of low molecular mass GTP-binding proteins in the plasmalemma, endoplasmic reticulum, and Golgi apparatus of animal and yeast cells has been previously reported (12) . Cytoplasmic forms of GTP-binding proteins have been also frequently observed in animal cells (12, 16) . However, we found no appreciable quantities of these proteins in the soluble cytoplasm.
At 28, 29, and 30 kD, the GTP-binding proteins of D. salina match closely in size the two major GTP-binding proteins of rat brain (3) (Fig. 1) Fatty acylation strengthens the membrane association of GTP-binding proteins as well as other protein classes so modified (14) . In our study, covalently bound fatty acid was clearly detected at the 28 kD position of microsomal protein gels, coinciding with the major GTP-binding protein. On the strength of SDS-PAGE analysis alone, it is impossible to be certain that the 28 kD protein linked to fatty acid is the same molecule that binds GTP. Efforts to confirm the identity by two-dimensional gel electrophoresis failed because of the hydrophobic nature of the membrane proteins. Nevertheless, the prevalence of fatty acylation reported on low molecular mass GTP-binding proteins of animal cells lends support to our suspicion that the two features are shared by the same protein in D. salina as well.
The failure of D. salina proteins to be immunoprecipitated by the Y13-259 anti-ras antibody or to cross-react with it on blots was not totally unexpected. The region of the ras proteins that binds Y13-259, namely, residues 63 to 73 (11) , shows considerable variation in ras-related proteins (13) . Monoclonal antibodies capable of recognizing all known ras p2 1 proteins did not cross-react with the 27 kD GTP-binding protein of rat brain (3) .
On the other hand, the 28 kD D. salina protein showed a positive reaction with the polyclonal antibody to the 23 kD ras-related YPT1 protein of yeast. This yeast GTP-binding protein and its equivalent, the ubiquitous Rabl protein of mammals (13) , are both believed to mediate membrane fusion events during secretion. One or more of the GTP-binding proteins described here in D. salina may participate in the massive fusion of vesicles with the plasma membrane after hypoosmotic shock (19) .
The functions oflow molecular mass GTP-binding proteins are not clearly understood. Apart from their above-mentioned involvement with secretion, a number of studies have implicated these proteins in cellular signal transduction, particularly by the PIP2-protein kinase C-mediated pathway (13) , but the findings have sometimes been contradictory. The fact that certain low molecular mass GTP-binding proteins are phos-phorylated during mitosis (1) and in conjunction with inhibition of phospholipase C (22) further suggests that they have an important regulatory function. Because D. salina is the most thoroughly characterized algal species with respect to PIP2-mediated transmembrane signaling (10) , it promises to be an excellent model system for use in exploring the properties and regulatory functions of low molecular mass GTPbinding proteins in algae.
